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Abstract

Several technologies are being put in place to improve the efficiency of spark-

ignition engines. Two of these technologies are variable valve actuation and

exhaust gas recirculation, both of which can have an impact on combustion ac-

cording to the literature. However, this impact is due to variations in both the

in-cylinder temperature and composition, linked to the different characteristics

of internal and external residuals, which are difficult to decouple. In this paper,

a methodology aimed at improving the understanding of the temperature and

composition effects on combustion parameters is developed. Internal residuals

are controlled through a variable valve timing actuation, and evaluated thanks

to a previously validated one-dimensional engine model, while the externally-

circulated exhaust are extracted after the catalyst through a low-pressure sys-

tem. Combustion is analyzed based on in-cylinder pressure acquisition and

emissions measurement at the engine-out, before the aftertreatment module.

Different combinations of internal and external residuals are tested with differ-

ent strategies from the point of view of the spark actuation: first, a constant

spark timing for each value of total residuals; then, a spark timing adapted to

maintain the same temperature inside the cylinder at the combustion start, and
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final an optimized calibration from the point of view of the engine efficiency.

Results show a general trend to enhance combustion timings as higher share of

internal residuals are introduced for the same amount of total residuals. It can

be seen how this trend comes mostly from the temperature effect at low total

residuals fraction, while composition effects are more significant as the amount

of total residuals increase. Empirical correlations developed in the paper confirm

the need to decouple internal and external residuals to have a proper estimation

of the combustion timings. Despite the positive impact of internal residuals on

the combustion duration, a small fuel consumption benefit is reached with cooled

exhaust gas recirculation thanks to lower heat transfer losses. In terms of emis-

sions, unburned hydrocarbon emissions tend to be reduced with increasing the

share of internal residuals thanks to the higher combustion speed, while other

gaseous emissions are mostly affected by the total residuals amount. Therefore,

internal and external residuals could be combined to achieve the best tradeoff

between fuel consumption and hydrocarbon emissions.

Keywords:

Spark-ignition, EGR, residuals, combustion, emissions.

1. Introduction

The increasing awareness of people about the need to address the problem

of greenhouse gases emissions and pollution in urban areas has led to more

stringent emission regulations over the last few decades [1]. In this sense, new

technologies have been implemented on spark-ignition engines in recent years.5

Joshi [2] highlights the synergies on fuel consumption of several technologies

such as exhaust gas recirculation (EGR), variable valve actuation (including

Miller cycle), variable compression ratio, turbocharging and lean combustion.

Other techniques as pre-chamber injection, hybridization, electrification and

fuels are also assessed. In terms of emissions, the well-stablished TWC (Three-10

Way Catalyst) is more and more complemented with a GPF (Gasoline Particle

Filter) due to elevated PN (Particle Number) emissions. Different strategies as
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pre-turbo catalysts and strategies focused on lean operation are also mentioned.

Variable valve actuation (VVA) can be used to reduce the need for throttling

the engine at low-to-mid loads, reducing pumping losses and fuel consumption15

[3]. This is achieved through an increase of the residual gas fraction inside the

cylinders during the intake stroke, which can affect combustion. Szwaja et al.

[4] studied the effects of exhaust residuals on a natural gas fueled engine. NOx

(nitrogen oxides) emissions were notably decreased with higher residual con-

centrations. However, HC (hydrocarbons) and CO (carbon monoxides) were20

increased. On the combustion side, both the induction time (defined as the

time elapsed between the spark activation and the 10% of the total heat re-

leased) and the combustion duration (calculated as the difference between the

10 and 90 percent of the heat released, i.e. CA10-90) were deteriorated, being

the induction time much more sensitive to residuals concentration due to the25

higher importance of laminar flame speed in this portion of the combustion pro-

cess. Lanzanova et al. [5] used negative valve overlap to achieve high internal

residuals amount on a spark-ignition engine fueled with ethanol, providing ad-

vantages in pumping losses and combustion phasing at low engine speed (1500

rpm) and load (3 bar indicated mean effective pressure) conditions. Khoa et30

al. [6] investigated different strategies to control residual gas fraction under a

wide range of speed and load conditions, varying also other control parameters,

on a small motorcycle engine. Their study shows that the combination of early

intake valve opening and late exhaust valve closing is the optimal way to control

the internal residuals amount, and confirmed a positive impact in the reduction35

of combustion temperature and NOx emissions. Malaquias et al. [7] studied the

effects of running with high amount of internal residuals combined with differ-

ent compression ratios and tumble motion in a single-cylinder flex-fuel direct

injection engine. Results showed reduced pumping losses and a 2% increase

in efficiency when operating with high internal residuals. This result may be40

explained by the use of early intake valve opening to increase the concentration

of internal residuals. Besides, a slowdown on combustion time (CA10-CA90) is

observed. In terms of emissions, the main pollutants were all reduced between
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30 and 40 percent.

A more flexible way to increase the total amount of residuals trapped at45

the valves closure consists of using an exhaust gas recirculation (EGR) system.

Apart from the fuel consumption improvement at low loads thanks to lower

pumping losses, such systems have shown to reduce the need to enrich at high

loads [8] to protect turbine components, reducing fuel consumption and emis-

sions of hydrocarbons and carbon monoxides [9, 10]. Besides, EGR can help to50

reduce the knock tendency [11, 12], which can be translated into an efficiency

increase [13] thanks to a better combustion phasing [14] or a compression ratio

increase [15]. However, it has to be considered that a negative effect in laminar

flame speed and combustion duration is induced by EGR, which can actually

overcome the specific heat ratio and heat transfer benefits for some engine condi-55

tions, resulting in an indicated efficiency deterioration [16]. Yu et al. [17] studied

the effects of EGR on emissions and combustion of an SI engine fuelled with

gasoline and ethanol. The results showed a reduced induction time and time of

combustion by increasing the ratio of ethanol injected even with EGR. Oh et al.

[18] demonstrated the benefits and synergy of high tumble motion, EGR, Miller60

cycle and an electric supercharger in a hybrid electric vehicle. A 10% efficiency

improvement was achieved in total and the maximum deployment increased by

23% at 2000 rpm, improving the dynamic response and performance. Gong et

al. [19] compared the traditional EGR strategy with an only CO2 EGR strat-

egy. The results showed that only CO2 EGR could reduce the variations on65

the IMEP (Indicated Mean Effective Pressure) compared to traditional EGR,

as well as the CO, HC and soot emissions. The main advantage of traditional

EGR was seen in NOx reduction.

Different design alternatives can be found in the literature for the EGR

circuit, affecting combustion and emissions due to differences in temperature and70

composition of the exhaust gases. Galloni et al. [20] and Yu et al. [21] analyzed

the potential benefits from a cooled high-pressure exhaust gas recirculation (HP-

EGR) system, characterized by the use of uncatalyzed exhaust gases, confirming

the capability of the system to reduce enrichment and knock tendency at full-
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load conditions, while a reduction in the maximum power capability. Xie et al.75

[22] compared the dilution effects with cooled and hot HP-EGR, resulting in

a reduced ignition delay and combustion duration with hot EGR compared to

cooled EGR, obtaining a better combustion phasing and reduced cycle-by-cycle

variations.

Lujan et al. [23] studied instead a low-pressure exhaust gas recirculation80

(LP-EGR) system, where the exhaust gases are extracted after the catalyst.

At partial loads, fuel consumption is reduced mainly due to a better combus-

tion phasing and pumping losses reduction, being the reduction in heat losses a

secondary factor. As expected, lower combustion temperatures led to reduced

engine-out NOx and increased HC emissions, which were also affected by longer85

combustion. At high loads, the fuel consumption reduction is greater than at

low loads due to the fuel enrichment suppression, a better combustion phasing

and reduced heat losses. On emissions side, NOx is again decreased and HC

increased. Major problems found on the study at high loads were: the increase

of pumping losses and the need to re-match the turbocharger to achieve the90

same load, as well as water condensation on the intercooler. Furthermore, Rei-

haini et al. [24] showed that the usage of LP-EGR implies the need for higher

boost pressure increasing the pumping work, which could be further affected

by a loss of homogeneity of the flow field upstream the compressor depending

on how the LP-EGR inlet is designed. Bermudez et al [25] analyzed in further95

details the impact of cooled LP-EGR on the catalyst performance, conclud-

ing that conversion efficiencies were reduced for HC and CO due to the lower

oxygen content and temperature in the exhaust gases, while NOx conversion

efficiency was only compromised at high loads due to a reduction of raw CO

emission. Franken et al. [26] combined single-cylinder engine experiments and100

tabulated chemistry simulations to analyze the effects of cooled LP-EGR and

water injection on engine efficiency and raw emissions, confirming the capabil-

ity of both systems to reduce knock and increase indicated efficiency, while a

negative impact of LP-EGR on soot formation was identified. Lattimore et al.

[27] analyzed in further details the impact of EGR on soot emissions. At high105
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load, the reduction of enrichment achieved with EGR provides an advantage in

particles formation. Instead, at lower loads the soot emissions trend is directly

affected by the ignition timing: if similar combustion phasing in terms of CA50

is controlled, longer combustion duration induced by moderate EGR rates re-

sults in the oxidation of the accumulation mode particles at the latests stages of110

combustion, thus reducing the soot particle emissions [28]. Instead, if the EGR

level is increased the negative effect of the reduced combustion temperature over

the soot particles oxidation is dominant, and an increase in the soot emissions

is achieved. Zhao et al. [29] used hydrogen enrichment in the EGR gases as

well as isobutanol-gasoline blends as means to overcome the negative effect of115

EGR on combustion duration and stability, reaching positive results both from

thermal efficiency and exhaust emissions perspective. Gainey et al. [30] also

showed that alcohol-based fuels can help to improve EGR tolerance.

Despite the aforementioned studies show that both VVT and EGR can be

identified as technologies capable to control the residual gas fraction inside the120

cylinder and achieve thermal efficiency improvements, few works have analyzed

in detail the relative impact of both systems. Galindo et al. [31] combined ex-

perimental engine data with 1-dimensional simulations to study the interaction

between VVT and LP-EGR in terms of internal residuals trapping, pumping

losses and indicated efficiency. Their results show that VVT settings play a125

significant role in the internal residuals trapped for low load operation, imply-

ing a more significant interaction with the external EGR. Instead, as the load

increases the main effect of VVT is related to the pumping work as a conse-

quence of the interaction with the variable geometry turbine available in the

engine used for that study. However, the individual effects of internal residuals130

(controlled by the VVT) and cooled LP-EGR from combustion and emissions

perspective were not investigated in detail. A proper differentiation of the in-

dividual effects of these two different dilution methods could be of interest for

adapting phenomenological SI combustion models [32] which can predict com-

bustion phasing trends, needed for 1-dimensional engine simulations, without135

the need for a detailed chemical kinetic model.
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Considering all the information from the literature, the main objective for

this study is to develop a methodology to investigate the individual effects of

external exhaust gas recirculation (EGR) and internal residuals (IGR) on com-

bustion performance. With that goal, an experimental campaign is carried out140

on a spray-guided spark-ignition engine with variable valve timing system at

intake and exhaust camshafts, a variable geometry turbine and a cooled low-

pressure EGR loop. The campaign focuses on the mid-to-low engine load, where

as explained before the range of variation of the internal residuals is more sig-

nificant. The experimental matrix includes three evenly spaced levels of total145

residual gas fraction (RGF). To decouple the effects of the composition and

temperature of these residual gases, each RGF level is achieved by four differ-

ent combinations of internal residuals (IGR) and cooled LP-EGR by a proper

control of the VVT and EGR systems. IGR is estimated through a previously

developed and validated one-dimensional engine model on GT-Power. Finally,150

three different spark actuation strategies are considered. Initially, a constant

spark timing is selected for each RGF level. Then, the spark timing is adapted

to achieve the same charge temperature at the spark activation point, so that

the relative importance of this temperature on the combustion speed can be

better identified. Finally, the spark is set to optimize the indicated efficiency,155

so that the comparison between internal and external residuals can be made on

a more realistic condition from a system level perspective.

As far as the paper structure is concerned, the study is divided in five sec-

tions. Section 2 describes the experimental facility and instrumentation used

for the study. Next, the methodology used to calibrate the engine settings (in160

terms of VVT, EGR and spark) for each experiment is described in Section 3.

Section 4 focuses first on the comparison between constant-spark and constant-

temperature conditions, based on laminar flame speed considerations, while the

analysis of the optimized spark timing tests is performed in Section 5. Finally,

the main conclusions drawn from the whole study are summarized in Section 6,165

while Section 7 discusses the limitations of the methodology and proposes some

future works in the field.
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2. Experimental set-up

A four-cylinder 1.3L spark ignited direct-injection engine is used for this

study. The engine includes a variable geometry turbine (VGT) as well as a vari-170

able valve timing system (VVT), which is able to advance or delay the actuation

of the intake and exhaust valves independently, maintaining the duration of the

event. The range of variation of this VVT system runs from zero to forty crank

angle degrees, corresponding to minimum and maximum overlap condition re-

spectively (i.e. forty degrees would delay the exhaust and advance the intake).175

A prototype low-pressure (LP) EGR line is installed to the production engine.

The line extracts the exhaust gases downstream the three way catalyst (TWC),

and introduces them into a T-joint placed upstream the compressor. The ex-

haust gases are cooled down at a plate and fin cooler fed with engine coolant at

approximately 90◦C and routed by an EGR valve. Finally, an additional valve180

is placed upstream the T-joint to enlarge the amount of recirculated exhaust gas

by inducing a greater pressure differential between intake and exhaust, partic-

ularly necessary for low speed and load conditions. Once mixed with the fresh

air and pressurized in the compressor, a second cooling is achieved in a water

charge-air cooler (WCAC) integrated in the intake manifold, targeted to reduce185

the charge temperature up to approximately 30◦C. The main characteristics of

the engine are summarized in Table 1.
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Table 1: Engine main characteristics.

Magnitude Units Value

Engine type [-] 4-stroke turbocharged

Number of cylinders [-] 4

EGR circuit [-] Cooled low-pressure

Turbocharger [-] VGT

Displaced volume [cc] 1300

Stroke [mm] 81.2

Bore [mm] 72

Compression ratio [-] 10.6:1

The engine is mounted on a test bench with a dynamometric brake AVL AFA

200/4-8EU, handled by an AVL-PUMA software to allow for speed and torque

control. A partially opened ECU is installed so that VVT, spark advance and190

throttle valve position could be modified for the tests. All the variables coming

from the ECU are saved through INCA v7.1.

In order to control the VGT and EGR valves, an open loop configuration

based on a National Instruments PXI system, as described in [33], is used.

This system is also useful to record high-frequency data. This includes the195

instantaneous pressure in all cylinders, acquired through instrumented spark-

plugs (AVL ZI33), and the pressure at intake and exhaust manifolds (by means

of Kistler 4007 piezorresistive sensors). Additionally, online calculations such

as the indicated mean effective pressure (IMEP) and its coefficient of variation

(COV), the apparent heat release rate and knock estimation by the maximum200

amplitude of the pressure oscillations (MAPO) are computed.

The instrumentation of the engine also consists of type K thermocouples

and mean pressure sensors along the intake, exhaust and EGR lines. An AVL

FlowsoniX Air flowmeter and an AVL 733S gravimetric balance are used to

obtain air and fuel mass flows, respectively. Turbocharger speed is measured205

by a MICRO-EPSILON DS05 sensor. A HORIBA MEXA-ONE is connected
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to provide raw emissions upstream the TWC, with another connection at the

intake line to estimate the EGR rate [34, 35] as shown in Equation 1:

EGRrate =
[CO2,int] − [CO2,atm]

[CO2,exh] − [CO2,atm]
· 100 (1)

where [CO2,int], [CO2,exh] and [CO2,atm] are the molar fraction as Vol.% of

CO2 at intake, exhaust and ambient respectively. A summary of the sensors210

used, their measuring uncertainty and range can be found in Appendix A.

A diagram of the engine set-up is shown below in Figure 1. A summary

of all the sensors used, their measuring uncertainty and range can be found in

appendix A.

Figure 1: Engine set-up diagram.

The fuel used in this study is a 98 Research Octane Number (RON) com-215

mercial gasoline, which main properties are shown in Table 2.
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Table 2: Fuel main properties.

Magnitude Units Value

Fuel [-] Gasoline

RON [-] 98

Carbon content [%] 85.98

Hydrogen content [%] 12.09

Nitrogen content [%] <0.01

Sulfur content [mg/kg] 7.83

Upper heating value [MJ/kg] 45.31

Lower heating value [MJ/kg] 42.82

3. Methodology

As expressed in the introduction, the main purpose of the study is to define a

methodology to evaluate the individual effects of internal residuals and external

EGR on the combustion process of a spark-ignition engine. For that purpose, the220

experimental campaign aims to cover different levels of total residual gas fraction

(RGF), each of them achieved by different combinations of internal residuals

and external EGR. First, the operating conditions most suitable to achieve a

high magnitude of total residuals combined with a high range of variation of

their composition will be selected; then, the methodology used to analyze the225

temperature and composition effects of these residuals will be described. In

this sense, several engine operating conditions are considered at first in the

search of a high variation of internal residuals with the VVT system. Finally, a

model validation section including the results from the selected conditions will

be discussed.230

3.1. Selection of engine operating point

While external EGR can be obtained in the test bench according to Equa-

tion 1, there is not a direct measurement of the internal residuals nor the total
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residual gas fraction. Therefore, a procedure to estimate these quantities needs

to be put in place.235

In particular, a previously developed and validated one-dimensional engine

model built in GT-Power [31, 36] is used. In a first step, this model allows to

evaluate the internal residuals in a set of experimental data from a Design of

Experiments (DoE) previously performed in the same engine at different engine

speed and loads. In particular, the DoE covers 50 different combinations of240

spark advance, intake and exhaust VVT and EGR rate for each engine speed

and load. More details about the DoE construction and postprocessing can be

found in [34].

The GT-Power model reproduces the experimental information with the

following strategy:245

� The intake and exhaust valve timings are set according to the values con-

trolled through the ECU.

� The experimental EGR rate is achieved by the positions of the EGR and

intake valves of the LP-EGR circuit.

� Compressor and turbine are decoupled, so that the compressor outlet pres-250

sure (P2) and the exhaust manifold pressure (P3) can be set indepen-

dently. Additionally, the main engine throttle controls the intake mani-

fold pressure (P2’). In this way, the pressure boundary conditions across

the engine, which determine the engine trapping ratio together with the

characteristics of the valve events, are matched.255

� The intake manifold temperature defines the heat transfer characteristics

in the WCAC, and the air mass flow is refined through the adaptation of

the overall heat transfer multiplier in the cylinders.

� Fuel mass flow is set according to the experimental lambda measurement,

while the combustion is reproduced by a Wiebe function, which is using the260

experimental values of combustion start, crank angle for the 50% of total

heat released (CA50) and total combustion duration (defined in terms of
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10 to 90% of the total heat released) obtained from the in-cylinder pressure

analysis from a total of 800 cycles (200 cycles acquired for each of the 4

engine cylinders). The heat release rate used to compute these combustion265

timings was extracted using an in-house zero-dimensional one-zone com-

bustion diagnostic model called CALMEC, including heat transfer losses

and mechanical deformations according to a previous characterization of

the engine from motoring test data according to the procedure described

in Payri et al. [37].270

The minimum (blue) and maximum (orange) IGR concentration obtained

with the 1D model for each operating condition tested is shown in Figure 2.
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Figure 2: Minimum (blue) and maximum (orange) IGR concentrations obtained at several

engine speed and load conditions based on 50 experimental tests DoE.

As it can be seen, for most of the points the range of variation of the internal

residuals is very limited. One the one hand, engine loads in the range of 12

bar BMEP or higher imply boosted operation, for which the difference between275

intake and exhaust manifold pressures is smaller compared to lower loads, where

the intake manifold is throttled. Additionally, the suitable operation of the VVT

system at low speeds and higher loads is restricted by scavenging process, which
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can affect fuel control by the ECU. With all this in mind, a low speed and load

condition (in particular, 1500 rpm and 6 bar BMEP) has been selected for the280

analysis, since the range of variation of the internal residuals is the highest, and

therefore the impact on combustion can be more significant.

3.2. Experimental conditions for selected operating point

Once the most suitable speed and load condition is identified, data is screened

looking for three equally spaced RGF rates: 13%, 20% and 27%. For each of285

these rates, the objective is to find the combinations of VVT and EGR that

would give different distributions of the amount of EGR and IGR with respect

to the total RGF. In particular, points as close as possible to the ones highlighted

in Table 3 distributions are targeted:

Table 3: EGR and IGR distributions sought for each RGF rate.

Point % EGR in RGF % IGR in RGF

1 75 25

2 50 50

3 25 75

4 0 100

As it could be expected, the combination of 100% EGR in RGF is unreach-290

able, since some internal residuals are always present, especially at low loads.

Besides, when there is no test that meets a specific distribution, a new simula-

tion in GT-Power is run to find the combination of VVT at a given EGR that

would achieve the desired IGR. For that purpose, since there is not an experi-

mental measurement, the 1D model is adapted to operate in predictive mode.295

Therefore, turbine and compressor are reconnected, and the rest of the model

parameters are set based on empirical correlations built from the data obtained

in the aforementioned DoE. Once the VVT and EGR combination that pro-

vides the targeted IGR and RGF levels is found by the model, it is tested in the
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engine and the data is reprocessed in the 1D engine model using the methodol-300

ogy previously described, in order to ensure that the intended composition was

reached.

Following these steps, the experimental points shown in Table 4 will be used

for the study. The table details the total RGF level, intake and exhaust VVT

settings, EGR and IGR. Additionally, EGR and IGR are displayed not only as305

an absolute value but also as a percentage with respect to the total amount of

residuals in brackets.

Table 4: Main parameters of the engine tests.

RGF Point Int - Exh VVT EGR [% in RGF] IGR [% in RGF]

[%] [−] [◦] [%] [%]

13

1 1 - 0 9 [65] 5 [35]

2 9 - 10 6 [47] 7 [53]

3 20 - 10 3 [25] 9 [75]

4 0 - 35 0 [0] 13 [100]

20

1 18 - 9 15 [71] 6 [29]

2 15 - 21 10 [53] 9 [47]

3 16 - 33 5 [25] 15 [75]

4 24 - 29 0 [0] 19 [100]

27

1 30 - 2 22 [78] 6 [22]

2 24 - 32 13 [48] 14 [52]

3 37 - 33 5 [20] 20 [80]

4 37 - 33 0 [0] 23 [100]

Once the VVT and EGR levels or interest are defined, and provided that

the engine runs in stoichiometric conditions, there is still an important open

point in the engine control that will affect the combustion assessment: the spark310

actuation. If a constant spark timing is set, two contributions are expected when

comparing EGR vs. IGR at the same total residuals level: on the one hand, a

higher amount of internal residuals implies a warmer temperature at the intake
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valve closure (IVC) and therefore at the spark activation time, inducing higher

laminar flame speed; on the other hand, since a low-pressure EGR circuit is315

used, the gases recirculated externally are passed through the TWC, affecting

their composition, which can have some impact on combustion development.

Taking all these aspects into account, three different calibration strategies are

evaluated:

1. Isospark: All points in each RGF group are tested with the same spark320

advance, set to minimize combustion instability (in terms of the covariance

of the IMEP) for the tests with the minimum amount of internal residuals

(i.e. minimum valve overlap).

2. Isotemperature: In order to decouple the aforementioned temperature

and composition effects, a new test adjusting the spark for each IGR-EGR325

combination is targeted to reach the same temperature at the spark tim-

ing. For that purpose, experimental data are obtained first with a late

spark activation and processed in the 1D engine model, so that the tem-

perature across the whole compression stroke can be evaluated without

any combustion impact. Then, the crank angle at which a certain tem-330

perature value is reached can be identified for each IGR-EGR case. In

particular, 760 K at the spark event is selected.

3. Optimal spark: Spark timing is adapted so that the indicated efficiency

is maximized. This results in a combustion phasing characterized with

a CA50 between 7 and 9 CAD, consistent with previous works in the335

literature [38].

Table 5 shows the resulting spark advances used for the aforementioned

spark actuation strategies. As it can be seen, as the RGF increases the spark

needs to be advanced with respect to TDC to optimize combustion stability

in the isospark tests. Instead, for the isotemperature tests, more advanced340

sparks are observed as both the total RGF and the IGR levels increase in or-

der to compensate for the higher initial in-cylinder temperature, as it could be

expected. Regarding the optimal spark, actuations are around 5 crank angle
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Table 5: Spark advance settings for each calibration strategy.

RGF
IGR Spark Advance

Value [% in RGF] Isospark Isotemperature Optimal

[%] [%] [◦bTDC] [◦bTDC] [◦bTDC]

13

5 [35] 6 9 11

7 [53] 6 14 11

9 [75] 6 18 10

13 [100] 6 17 11

20

6 [29] 10 15 16

9 [47] 10 18 15

15 [75] 10 20 14

19 [100] 10 22 13

27

6 [22] 15 17 21

14 [52] 15 20.5 19.5

20 [80] 15 24.5 19

23 [100] 15 24.2 17

degrees (CAD) more advanced than the isospark tests, showing that it is advan-

tageous to center the combustion in the initial stages of the expansion stroke345

despite a slight deterioration in combustion stability is reached. Comparing

different IGR values, the spark activation is practically equal for all cases when

the total amount of trapped residuals is low (13%), while for higher RGF levels

there is a slight trend to delay the spark activation as the IGR increases. This

can be seen as a first indication of a positive effect of IGR in combustion speed,350

since the CA50 is approximately constant, so a later spark actuation implies a

shorter duration of the first phase of the combustion event.

Once the tests were completed, they were simulated again on GT-Power, giv-

ing a maximum deviation of 0.5% in the absolute value of the internal residuals

between the different spark calibration strategies. Figure 3 shows the temper-355
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ature at the spark event comparing the isospark and isotemperature cases. In

this chart, the color and symbol describe the residual gas fraction level (orange

circles: 13%; blue diamonds: 20%; green squares: 27%), while the line style

differentiates the calibration strategy (solid line: isospark; dashed line: isotem-

perature). As it can be seen, isotemperature analysis demonstrates that the360

targeted temperature was reached with a variation between cases below 10 K.

Instead, the isospark values are generally characterized by an increasing tem-

perature as the IGR is higher, while the variation between different RGF levels

is less significant due to the fact that higher amounts of residual gas fraction

imply higher temperature at the cycle start but this effect is compensated by365

the more advanced spark timing.
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Figure 3: Temperature at spark event comparison between Isospark and Isotemperature tests

with respect to IGR.

In order to keep constant the operating conditions of 1500 rpm and 6 bar

BMEP for each test, the main engine throttle was adjusted individually. This

was necessary due to the change in volumetric efficiency induced by the vari-

ations of VVT as well as the intake pressure due to the EGR rate. The main370

throttle values used are shown in Table 6. Besides, the injection was kept con-

stant at 82 CAD after the start of the intake stroke .
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Table 6: Main throttle settings for each calibration strategy.

RGF
IGR Main Engine Throttle

Value [% in RGF] Isospark Isotemperature Optimal

[%] [%] [◦] [◦] [◦]

13

5 [35] 12.2 12.3 12.2

7 [53] 11.8 11.8 11.8

9 [75] 11.6 11.8 11.6

13 [100] 11.2 11.7 11.1

20

6 [29] 13.3 13.2 13.0

9 [47] 12.5 12.8 12.5

15 [75] 12.1 12.7 12.0

19 [100] 11.4 12.1 11.4

27

6 [22] 14.9 14.8 14.4

14 [52] 13.8 14.0 13.7

20 [80] 13.6 14.2 13.6

23 [100] 12.8 13.6 12.8
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3.3. Model validation

In this section, a brief explanation of the model validation process is carried

out. This validation process has been used for all simulations made with the375

model. However, the description will be based on the final tests used for this

study, depicted in Table 4 and for the optimal spark setting.

All final tests in this study were reproduced with the model in its fitting

configuration, so intake and exhaust pressures were imposed, as aforexplained.

In this sense, the remaining parameters that can most affect the concentration380

of residuals and that therefore the model must reproduce well are the air mass

flow and the pressure pulses in the manifolds. Given the low engine load, a

maximum error of a 10% in air mass flow with respect to the experimental

value is set. The air mass flow, intake and exhaust pressure errors with respect

to the experimental values is shown in Figure 4. Note that the x-axis represents385

a case number that corresponds from point 1-13% RGF to point 4-27% RGF in

Table 4 and the optimal spark setting.
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Figure 4: Air mass flow (black), intake (blue) and exhaust pressure (red) errors with respect

to experimental values .

The instantaneous intake and exhaust pressures with respect to the crank

angle degree are compared to the model. With this aim, two very different VVT
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settings, point 2-13% RGF and point 4-27% RGF (corresponding to cases 2 and390

12 in the previous figure), are chosen and shown in Figure 5 and Figure 6.

4. Temperature and composition effects

Firstly, a comparison between isospark and isotemperature is performed in

order to shed light to the individual effects of the different composition and

temperature for the residuals distribution, as previously discussed.395

Figure 7 shows a comparison of the induction time, defined as the difference

between the spark activation and the crank angle for 10% of the total heat re-

leased (CA10). Again, solid lines represent isospark tests while dashed lines the

isotemperature conditions, while symbol and color define the different levels of

residual gas fraction as defined for Figure 3. For the Isospark tests, advanc-400

ing spark with higher RGF levels is translated into more advanced CA10 for

both RGF levels. This can be partially understood considering the effect that

temperature has on the laminar flame propagation speed:

SL(φ, Tu, Pu) = SL0

(
Tu
T0

)α(
pu
p0

)β
(2)

where SL is the laminar flame speed at a given condition, SL0 is the laminar

flame speed at standard conditions (T0 = 298K and p0 = 0.1MPa), Tu and pu405

are the temperature and pressure conditions in the unburned zone, and α and β

are the coefficients assessing the temperature and pressure dependency. It has

to be considered that these two coefficients would depend on the unburned zone

composition, including the kind of fuel, the equivalence ratio and the amount

of residuals. For stoichiometric conditions without residuals and gasoline fuel410

values of 1.69 and -0.278 can be considered according to the literature [39].

Given the fact that isospark tests are characterized by approximately the same

pressure conditions at the spark timing, the only expected effects when changing

the IGR level would be the temperature and the residues . Considering the data

reported in Figure 3, a maximum increase in the initial laminar flame speed of415

approximately 11% could be expected when increasing the amount of IGR for
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Figure 5: Intake pressure evolution with respect to crank angle degree comparison between

experimental side (blue) and model (black) for point 2-13% RGF (a) and point 4-27% RGF

(b).
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Figure 6: Intake pressure evolution with respect to crank angle degree comparison between

experimental side (blue) and model (black) for point 2-13% RGF (a) and point 4-27% RGF

(b).
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both RGF levels, which would result in a decrease of the induction time of

1.5 CAD for the 13% RGF case, and 2.3 CAD for the 27% RGF condition.

Comparing these values with the information depicted in Figure 7, the range of

variation achieved in the induction time for the 13% could be fully explained420

by the temperature effect on the laminar flame speed. When comparing with

the results from the isotemperature study, the induction time trend reverses,

implying a deterioration when the IGR is higher, probably linked to changes

in the local flow conditions around the spark plug [40, 41]. Instead, in the

27% the variation of induction time observed in the isospark tests (4 CAD) is425

clearly higher to the expectation from laminar flame speed analysis (2.3 CAD),

indicating than in this case there is an effect from the different composition

of the residual gases, since external EGR is characterized by a lower reactivity

after passing through the TWC. Indeed, the isotemperature tests provide a lower

induction sensitivity (3 CAD), closer to the expected effect from laminar flame430

speed considerations.

Figure 7: Induction time comparison between isospark and isotemperature tests with respect

to IGR.

Figure 8 shows a similar comparison from the point of view of the time of

combustion (TOC), computed as the difference between the 10 and 90 % of the

heat released (CA10-90). In this case, both isospark and isotemperature tests for

the 13 % RGF condition show almost no sensitivity of the combustion duration435
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with respect to the internal residuals amount, confirming that when the amount

of residuals is low the impact of their composition is negligible. Instead, for the

27 % RGF a clear decreasing trend of the combustion duration with respect to

the IGR level can be identified, regardless the testing strategy used. Another

interesting aspect to highlight is that while at low IGR conditions (so when the440

total residuals are mostly achieved by cooled LP-EGR) there is a clear increase

in the combustion duration when moving from 13 to 27 % of total RGF, as a

consequence of the higher dilution, such effect is clearly diminished when the

share of internal residuals is high. Therefore, some addition of internal residuals

controlled through VVT could be seen as a way to reduce the negative impact445

of cooled LP-EGR on combustion performance.

Figure 8: Time of combustion comparison between isospark and isotemperature tests with

respect to IGR.

When the RGF rate is obtained entirely with IGR, a clear trend is obtained

to increase the induction time for both conditions and a longer combustion for

the isospark tests, as reported by Lanzanova et al [5]. Szwaja et al. [4] obtained

the same trends, increasing the induction time and the time of combustion by450

34 and 20% respectively with IGR.

The statistical variability of the combustion timings obtained from the in-

cylinder pressure analysis are computed. The standard deviation of the induc-

tion time and TOC for the isospark and isotemperature tests is shown in Table 7.

25



Table 7: Standard deviation of the induction time and TOC for the isospark and isotemper-

ature tests.

RGF
IGR Std Induction Time – Std TOC

Value [% in RGF] Isospark Isotemperature

[%] [%] [◦] [◦]

13

5 [35] 1.96 - 2.74 1.86 - 2.32

7 [53] 1.83 - 3.08 1.43 - 1.47

9 [75] 1.41 - 2.53 1.24 - 0.83

13 [100] 1.84 - 2.97 1.20 - 0.83

20

6 [29] 2.17 - 4.42 1.26 - 2.79

9 [47] 1.96 - 3.63 1.72 - 2.12

15 [75] 1.92 - 3.42 1.24 - 0.95

19 [100] 1.73 - 2.59 1.20 - 1.00

27

6 [22] 2.87 - 6.48 2.55 - 4.97

14 [52] 2.44 - 5.09 2.20 - 3.35

20 [80] 2.19 - 3.56 1.66 - 1.40

23 [100] 2.19 - 3.02 1.59 - 1.06

Results show a reduction trend as the IGR increase, especially for high amounts455

of total residuals, owing to a higher temperature at the start of combustion

and the increased presence of unburned components that would facilitate the

development of the flame front.

The previous results have served to note that there is a direct impact of the

different compositions of internal residuals and external EGR on the combus-460

tion performance. In this sense, empirical correlations are developed to better

assess this effects on combustion. The empirical correlations can be seen in

Appendix B. The results show that it is possible to predict the induction time

as a function of RGF, IGR, spark timing (linked to turbulence effect) and the
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thermodynamic conditions at the spark timing, while the capability of such cor-465

relations is severely impaired if only the total amount of RGF is considered.

5. Optimal Spark analysis

As stated during the description of the methodology (Section 3), the data

presented up to know was achieved adjusting the spark activation timing to ei-470

ther minimize the combustion instability (isospark) or to achieve approximately

760K at combustion start (isotemperature). However, normally the spark is cal-

ibrated in these low speed and load operating area with the objective to max-

imize the engine thermal efficiency without overcoming a certain combustion

instability threshold. The results extracted from such procedure are analyzed475

in this subsection. In particular, a limit of 3.3% in terms of the COV of the

IMEP was set.

5.1. Combustion timings prediction

Figure 9 shows the data of the optimized calibration in terms of the induc-

tion time. Again, the color and symbol describe the residual gas fraction level480

(orange circles: 13%; blue diamonds: 20%; green squares: 27%). Additionally,

solid lines show the experimental results, while the dashed lines refer to the val-

ues estimated from the empirical correlation previously achieved based on the

isospark and isotemperature data. The graph shows the previously described

trends for the induction time, increasing with the total amount of residuals485

but decreasing when a higher share of these residuals are trapped internally by

the VVT system, as a consequence of the higher reactivity. These trends are

properly captured by the empirical correlation, despite showing a slight overes-

timation in general except for the cases with the highest amount of cooled EGR

(27% RGF with lowest levels of IGR).490
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Figure 9: Induction time vs. IGR for optimal spark calibration.

Figure 10 depicts the combustion duration information using the same struc-

ture. Similar results as already seen for the induction time can be observed, with

a maximum deviation between experimental and estimated values of the com-

bustion duration of approximately 1 CAD. It shall be noted that since the TOC

correlation proposed in the current work depends on the induction time, the es-495

timated induction time values were used, so that the comparison of experimental

vs. estimated TOC provides a valid assessment of the predictive capability of

the correlations.
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Figure 10: Combustion duration (TOC) vs. IGR for optimal spark calibration.

As already stated, the effect of increasing the IGR rate without EGR is

directly linked to a slower combustion. This is observed both on the induction500
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Table 8: Standard deviation of the induction time and TOC for the optimal spark tests.

RGF
IGR Std Induction Time Std TOC

Value [% in RGF]

[%] [%] [◦] [◦]

13

5 [35] 1.73 1.91

7 [53] 1.70 2.32

9 [75] 1.48 2.16

13 [100] 1.66 2.09

20

6 [29] 2.01 3.07

9 [47] 1.85 2.58

15 [75] 1.76 2.51

19 [100] 1.68 2.29

27

6 [22] 2.27 3.80

14 [52] 2.32 3.22

20 [80] 2.21 2.75

23 [100] 2.14 2.61

timing and the combustion duration, with a greater effect on the first as stated in

[4]. This effect was also observed by Malaquias et al. [7], which studies reflected

an increase of 5 CAD in the combustion duration when increasing IGR.

Again, the standard deviation of the induction time and TOC is shown in

Table 8.505

As in the isotemperature and isospark tests, results show a clear reduction

of the deviation for both induction time and TOC as the IGR rate increases for

a given RGF level. Naturally, as the RGF level increases, a slight increase in

deviation is obtained.
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5.2. Energy balance510

Once the spark timing was optimized for each RGF and IGR level in order to

maximize the engine thermal efficiency, it is possible to evaluate the impact of

the VVT and EGR settings on the overall thermal balance, in order to provide

further insights of the relative interaction of both systems. For this purpose, the

heat transfer losses inside the cylinder and the enthalpy available in the exhaust515

gases have been computed from the one-dimensional engine model previously

defined and validated. Heat transfer is computed based on an adapted Woschni

model, for which the coefficients have been previously tuned based on motored

engine tests at different speeds and throttle positions (i.e. intake pressure val-

ues). In this sense, values of 3.24 for the constant term (C1) and 1.91 for the520

tumble flow effect (C2) were attained.

This information is depicted in Figure 11. In this figure, the x-axis represents

again the IGR level; the color specifies the total residual gas fraction level

(orange: 13%; green: 27%); and the color intensity is used to distinguish the

main three contributions from the fuel energy delivery: gross indicated efficiency525

(dark), which includes the complete 720 CAD cycle, heat transfer losses to

the walls (intermediate) and enthalpy through the exhaust gases (light). As

it can be seen, there is a trend to reduce the energy lost to the exhaust gases

when increasing the amount of internal residuals, due to the shorter combustion

duration that implies a reduction in the exhaust temperature, this is mostly530

compensated by an increase of the heat transfer losses during compression and

combustion from the higher temperature at the intake valves closure. Therefore,

the indicated efficiency remains approximately constant, with a slight decrease

with the amount of internal EGR and some increase with the total amount of

RGF.535
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Figure 11: Thermal energy balance inside the cylinder as a function of IGR level for 13%

(orange) and 27% (green) RGF level.

However, since the indicated efficiency computed considers the complete

engine cycle, there is a portion of indicated work that is lost in the power trans-

mission to the crankshaft as a combination of pumping and mechanical losses.

Given the fact that the operating point and combustion phasing are approxi-

mately constant, few differences are found from friction losses perspective, so540

the main impact between different IGR levels are found on the pumping work.

This information is provided in Figure 12 as a percentage variation with re-

spect to the 27% RGF level achieved with only internal residuals, which is used

as datum. The results show a general trend to reduce pumping work as the

RGF increases, while the IGR impact is only clear for the 27% RGF sweep.545

For operation without EGR, reduced pumping losses are obtained as the RGF

rate increases due to a higher portion of IGR. These results agree with those

obtained by Malaquias et al. [7], who reported a reduction in pumping losses

between 14 and 10% as residuals are increased.
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Figure 12: Pumping losses with respect to IGR for Optimal Spark tests.

In the same way as pumping losses, Figure 13 shows the brake specific fuel550

consumption variation in percentage with respect to the maximum IGR con-

centration of the 27% RGF level. The BSFC results show the same trend as

pumping losses with respect to the RGF level, so a fuel economy improvement

is achieved with higher total residuals. For 13 and 20% levels, the trend is to

obtain a better fuel consumption with higher EGR rates probably due to re-555

duced heat transfer losses. However, the reduced pumping losses achieved with

increased IGR on the 27% level compensate the heat transfer losses, making the

BSFC very flat with respect to IGR.
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Figure 13: Brake specific fuel consumption with respect to IGR for Optimal Spark tests.

5.3. Gaseous emissions

In terms of emissions, Figure 14 shows a clear trend to reduce THC con-560

centration with higher internal residuals due to two effects. In gasoline direct-

injection engines, two of the main sources for these emissions are [42]:

� Flame extinction produced when reaching a crevice volume, including

mainly the piston top-land section, but also others like the valve seats,

cylinder head gaskets or the spark plug.565

� Quenching of the flame when reaching a cold wall in the cylinder head,

liner or piston surfaces.

Both aspects are controlled by heat transfer phenomena between the flame

and the combustion chamber walls, and tend to be more significant as the lam-

inar flame speed is lower [43]. Therefore, from the previous analysis it could be570

expected that HC emissions should be lower as the IGR would increase, with a

higher sensitivity as the total RGF increases. This can actually be confirmed

looking at Figure 14. However, it is interesting to note that the results for 13 and

20% RGF value are practically overlapped, despite some increase would have

been expected for the 20% RGF condition attending to the combustion timing575

trends shown in Figure 9 and Figure 10, both of which indicate a decrease of
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laminar flame speed with the total amount of residuals. The reason for this

unexpected behavior may be linked to differences in the combustion chamber

walls temperature.

Figure 14: THC mass flow with respect to IGR for Optimal Spark tests.

Figure 15 shows the NOx concentration in the exhaust, in this case as a580

function of the calculated maximum temperature inside the cylinder during

combustion, which is known to be the main driver for NOx. As expected, the

temperature reduction obtained when combining higher RGF and cooled EGR

concentrations, together with the lower oxygen concentration, is translated into

a reduction in NOx formation as explained by the Zeldovich mechanism [44, 22].585
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Figure 15: NOx mass flow with respect to peak combustion temperature for Optimal Spark

tests.

Finally, CO formation depends highly on the CO to CO2 reaction at the

end of combustion. The reduction in the oxygen content inside the cylinder,

which is more pronounced as RGF grows, should tilt the thermal equilibrium of

the CO2 dissociation reaction towards a higher CO production. However, the

lower combustion temperature with higher RGF is translated into a reduced590

dissociation of CO2, so in general lower CO is achieved as the RGF increases.

Once the RGF level is fixed, the CO concentration tends in general to be reduced

with IGR due to differences in the chemical kinetics of the dissociation reaction

Figure 16.
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Figure 16: CO mass flow with respect to IGR for Optimal Spark tests.

For the operation with only IGR, NOx emissions are reduced along with595

CO, while HC emissions are slightly increased. Similar results were obtained in

[4] with the exception of CO, which is very dependent on the CO2 dissociation.

Malaquias et al. [7] also reported a NOx and CO reduction of around 40 and

30% respectively, whereas HC is increased in most conditions.

6. Conclusions600

In the current work, an investigation of the interaction between variable valve

timing and cooled low-pressure exhaust gas recirculation systems as means to

control the total residual gas fraction inside the cylinder is attempted from com-

bustion perspective. While the variable valve timing controls the trapping ratio

and therefore the amount of internal residuals remaining at the cylinder, the605

low-pressure EGR circuit allows to introduce higher amount of residuals with-

out affecting significantly the engine breathing. Internal residuals and cooled

EGR are characterized by different temperature and composition, since EGR

is extracted after passing through the TWC, the study focuses on developing a

methodology to decouple these two effects.610

For this purpose, a first part of the investigation focuses on the analysis

of specific tests aimed at reaching different total residuals levels with different
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combinations of internal residuals and cooled EGR. This is achieved for two

different testing strategies: a constant spark activation timing, so that geometric

and flow characteristics are as close as possible for every EGR-IGR combination,615

and an adapted spark timing to reach the same in-cylinder temperature, so that

the temperature effect can be better identified. The amount of internal residuals

as well as the in-cylinder temperature are estimated using a previously developed

and calibrated one-dimensional engine model. The following conclusions can be

extracted from this part of the study:620

� In general, both the induction time (defined as the lapse between the

spark and the 10% of the total heat released) and the overall combustion

duration (in terms of the time from 10 to 90 % of the heat released) tend

to increase with the total RGF value, and decrease for higher shares of

IGR.625

� Once the temperature effect is decoupled, the decreasing trend with IGR

is maintained for the highest values of RGF, while it disappears when the

total amount of residuals is low.

� Temperature effect on the combustion timings can be directly linked to the

impact of this parameter on the laminar flame speed according to existing630

correlations in the literature.

� Once the temperature and composition effects are properly accounted for,

the total combustion duration can be reasonably predicted using the in-

duction time and the spark timing as input parameters.

As a final step, the spark timing is optimized for each IGR-EGR combi-635

nation to extract the following conclusions from energy balance and emissions

perspective:

� The gross indicated efficiency shows a trend to increase with the total

RGF level, while the sensitivity to the specific share of IGR is small,

showing in general a benefit for cooled EGR. This is due to the fact that640
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shorter combustion timings for higher IGR are compensated by higher

heat transfer and exhaust enthalpy losses.

� Pumping losses tend to be lower for higher combinations of RGF and IGR,

partially compensating the better indicated efficiency reached for cooled

EGR operation.645

� Unburned hydrocarbons emissions are directly linked to laminar flame

speed phenomena as a consequence of flame quenching effects both around

crevice volumes and the main combustion chamber walls, being deterio-

rated for higher RGF while reduced as IGR increase.

� Nitrogen oxides emissions increase with lower RGF and higher IGR levels,650

as a consequence of their effects in the maximum combustion temperature.

This parameter also shows a significant impact on CO, with a general trend

to be reduced for higher RGF levels, while kinetic effects control the lower

differences seen for the same RGF level.

7. Limitations and future works655

The methodology described in the current work has helped to confirm that

the individual effects of in-cylinder temperature and composition need to be

considered when mixing external EGR and internal residuals. Additionally, the

results from the constant temperature and the experimental correlations de-

veloped provide a first approximation at the quantification of each effect from660

combustion timings perspective. However, the methodology has some uncer-

tainties and limitations that would need to be further assessed in future works:

� The estimation of the internal residuals is made through 1D engine simula-

tions, due to the difficulty to have a direct measurement of this parameter

on a multi-cylinder engine platform. Despite there is and indirect vali-665

dation on the comparison with the air mass flow and the instantaneous

pressure traces, shown in section 3.3, the lack of direct data for the in-

ternal residuals by itself an uncertainty in the methodology proposed. In
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this sense, a similar work performed on a single-cylinder engine test bench,

were it would be possible to have the internal residual measurement by670

the use of a tracer combined with skip fire operation, could be useful to

further analyze this aspect.

� Apart from the mentioned effects from residuals temperature and compo-

sition, varying the VVT settings may result in variations in the tumble

motion, affecting the turbulence field in the cylinder and therefore af-675

fecting overall combustion performance. Extending this work to different

flow patterns would help to provide further insights about the interaction

between al the phenomena involved.

� Current results show that there is some composition effect when comparing

internal residuals (composed of uncatalyzed exhaust gases) and external680

EGR (mainly composed of nitrogen, CO2 and water vapor). However, the

specific contribution of each species is not evaluated. Since the exhaust

gas composition would vary depending on the combustion characteristics,

the results may be affected by calibration strategies and especially by the

specifics of the combustion system layout. A detailed chemical kinetic685

study, starting from the selection of the mechanism for the fuel used with-

out considering the residual effects, and then extending it to the operation

with internal and external residuals considering their composition, is pro-

posed.

� Related to the previous point, an extension of the methodology to fuels690

with different composition (particularly different H/C ratio) is proposed

to widen the range of variation of the exhaust gas composition.
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Greek symbols

α Temperature exponent for laminar flame speed

β Pressure exponent for laminar flame speed

τ Time

φ Equivalence ratio

Subscripts700

0 Relative to standard conditions

ind Relative to induction time

L Relative to laminar

Spark Relative to spark event

u Relative to unburned zone

Abbreviations

a, b, c, d correlation coefficients

BMEP Break mean effective pressure

BSFC Brake specific fuel consumption

bTDC Before top dead center

CAD Crank angle degree

CAX Crank angle degree refered to X% of heat released

CI Compression ignition

CO Carbon monoxide

CO2 Carbon dioxide

COV Coefficient of variation

DoE Design of experiments

ECU Electronic control unit

EGR Exhaust gas recirculation

EXH Exhaust losses
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GPF Gasoline particle filter

HC Unburnt hydrocarbon

HP-EGR High-pressure exhaust gas recirculation

HT In-cylinder heat transfer losses

IGR Internal gas residual

IMEP Indicated mean effective pressure

IND Indicated efficiency

ISFC Indicated specific fuel consumption

IVC Intake valve closing

LP-EGR Low-Pressure exhaust gas recirculation

MAPO Maximum Amplitude of Pressure Oscillation

MFM Mass flow meter

NEDC New european driving cycle

NOx Nitrogen oxides

p Pressure

PN Particle Number

RGF Residual gas fraction

rpm Revolutions per minute

S Flame speed

SI Spark ignition

T Temperature

TDC Top dead center

THC Total hydrocarbons

TOC Time of combustion

TWC Three-way catalyst

VGT Variable geometry turbine

VVT Variable valve timing

WCAC Water charge air cooler
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Appendix A: Main sensors and Horiba characteristics.705

Table 9: Main sensors characteristics.

Magnitude Linearity Range

In-cylinder pressure ±0.3% 0 - 200 bar

Instantaneous pressure ≤ ±0.2% 0 - 5 bar

Mean pressure ≤ ±0.2% 0 - 5 bar

Charge amplifier < ±0.3% 2 - 2.2·106 pC

Mean temperature ±0.35% 270 - 1260◦C

Air mass flow ±0.25% 0 - 1400 kg/h

Fuel mass flow ±0.12% 0 - 150 kg/h

Turbocharger speed ±0.2% 2·102 -4·105 rpm

Torquemeter ±0.1% 0 - 10 kN·m

Optical enconder ±0.006% 2.5·10−2 - 2.8·104 rpm

Table 10: Horiba MEXA-ONE characteristics.

Species Linearity Range

CO(L) < ± 1% 0-3000 ppm

CO(H) < ± 1% 0-10 vol%

CO2 < ± 1% 0-20 vol%

THC < ± 1% 0-25 K ppmC

NMHC, CH4 < ± 1% 0-25 K ppmC

NO, NO2, NOx < ± 1% 0-5000 ppm

O2 < ± 1% 0-25 vol%

Appendix B: Empirical correlations

The effects of different compositions can be better assessed by developing

empirical correlations based on the results achieved including individual terms
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for internal and external residuals for the prediction of the combustion char-

acteristic times. In this sense, the magnitude of the coefficients found in such710

correlations can provide an estimation of the relative impact of both parameters

in combustion development. Additionally, fluid-dynamic engine models such as

the one used for the estimation of the in-cylinder temperature and internal

residuals along this paper, rely on empirical correlations for the prediction of

the combustion profile, since they do not include a predictive combustion model.715

Therefore, the development of a proper correlation including the individual ef-

fects of internal and external residuals is necessary to enhance the predictive

capability of such models.

In this sense, the following expression is proposed for the induction time

prediction:720

τind [CAD] = (a ·RGF b · IGRc · τdSpark)

(
TSpark
T0

)−1.67 (
pSpark
p0

)0.278

(3)

where tind is the induction time defined as the difference between spark ac-

tivation and CA10 in crank angle degrees, tSpark refers to the spark activation

timing in CAD bTDC, TSpark and pSpark are the temperature and pressure con-

ditions estimated from the GT-Power model at that spark timing, and a, b, c, d

are the coefficients adjusted during the correlation. Note that the exponents725

for temperature and pressure conditions at the spark timing are the same ones

provided by Amirante et al. [39] for gasoline fuel, as introduced during the

discussion of Equation 2, but with the opposite sign since a higher laminar

flame speed value would result in a shorter induction time. The spark activa-

tion timing is included in the correlation in order to account for the different730

turbulent kinetic energy conditions around the spark area as a function of the

piston position.

Two correlations have been tried, including or not the individual effect of

the IGR level, as a way to evaluate the relative importance of accounting for

the composition effect. The coefficients obtained for both correlations as well735

as their statistical significance in terms of R-squared parameter are summarized
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Table 11: Results of the empirical correlations for the induction time.

Parameter
w/ IGR w/o IGR

Value Interval 95% Value Interval 95%

a 1.98 [1.5, 2.4] 0.94 [0.6, 1.3]

b 0.12 [0.08, 0.16] 0.23 [0.09, 0.37]

c -0.15 [-0.19, -0.11] - -

d 0.3 [0.24, 0.36] 0.23 [0.13,0.33]

R2 92.15 77.3

R2 − adj 90.97 75.2

in Table 11. As it can be seen, the capability of the correlation to reproduce

the model data is significantly impaired when the internal residuals amount is

not considered, achieving a decrease around 15% in terms of R-squared. The

output of both correlations is depicted in an observed vs. predicted graph740

in Figure 17. For the first correlation considering the IGR effect, almost all

predicted values fall into a ±1 CAD band, and the average deviation is 0.6 CAD.

Instead, the second correlation including only RGF term shows a significantly

higher deviation with respect to the experiments in general, with an average

and maximum deviations of 1.1 and 3 CAD, respectively.745
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Figure 17: Experimental vs. predicted induction time for correlations with and without

considering IGR.

Regarding the overall combustion duration (TOC), the following correlation

has been tried:

TOC [CAD] = a · τ bind · τ cSpark (4)

In this case, the induction time intends to include all laminar flame speed as-

pects (including both temperature and composition) and the spark timing tries750

to consider again the turbulence effect. However, it has to be acknowledged that

the combustion duration is known to be more significantly affected by the tur-

bulence field inside the cylinder, so a more detailed consideration of turbulence

phenomena should be considered for future works. However, the results from

this simple evaluation can be seen in Table 12 and Figure 18. As expected, the755

correlation achieved is less predictive compared to the one already analyzed for

the induction time, achieving around 6% lower R-squared and a higher devia-

tion in general with respect to the experimental data. Nevertheless, the mean

deviation of 0.7 CAD and the maximum deviation of 1.66 CAD achieved can

be seen as an adequate result for the estimation of the combustion duration in760

one-dimensional engine simulation environment.
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Table 12: Results of the empirical correlations for the combustion duration.

Parameter Value Interval 95%

a 0.63 [0.46, 0.80]

b 1.48 [1.22, 1.73]

c -0.35 [-0.44, -0.26]

R2 86.85

R2 − adj 85.60
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Figure 18: Experimental vs. predicted combustion duration.
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